Sarvazyan,
Narine. Visualization of doxorubicin-induced oxidative stress in isolated cardiac myocytes. Am. J. PhysioZ. 271 (Heart Circ. Physiol. 40): H2079-H2085, 1996.-The paper presents high-resolution fluorescence images obtained using laser-scanning confocal microscopy. Isolated cells from adult rat hearts were preloaded with 2',7'-dichlorofluorescin (an oxidant-sensitive fluorescent probe) and exposed to doxorubicin, an important anticancer drug with prominent cardiotoxicity. Fluorescence images were collected from live cells simultaneously on two channels: 1) 515-530 nm emission range was used to monitor an increase in dichlorofluorescein, the oxidized product of dichlorofluorescin, and 2) emission ~610 nm was used to visualize the intracellular distribution of doxorubicin.
The images reveal intracellular oxidation close to the mitochondria after only 20 min of exposure of isolated cardiomyocytes to 40-160 uM doxorubicin. The data confirm an oxidative mechanism of doxorubicin cardiotoxicity and demonstrate the capability of a new technique to monitor intracellular oxidation in living cardiomyocytes.
oxygen free radicals; confocal microscopy; dichlorofluorescein; cardiomyocytes THE RANGE of pathophysiological and physiological phenomena that implicate reactive oxygen species as culprits of injury or as secondary messengers continues to expand. Today they include apoptosis, ischemia-reperfusion injury, aging, inflammation, neuromuscular diseases, cancer, atherosclerosis, regulation of vascular tone, and many other phenomena (2, 11, 20) . However, the assortment of methods that can noninvasively assess oxygen reactive metabolites in vivo remains rather limited (21). The most frequently used electron spin resonance technique is prone to several artifacts and is unable to assess subcellular patterns of oxygen free radicals (17, 21) . Therefore, the development of techniques that are capable of monitoring oxidative stress associated with specific subcellular sites is in great demand. One of those new techniques is high spatial and temporal resolution laser-scanning confocal microscopy combined with oxidant-sensitive fluorescent probes (20). The present study contributes to the development of this new approach by revealing oxidative stress associated with doxorubicin exposure in isolated cardiac myocytes. Doxorubicin is an anthracycline antibiotic that is used for treatment of a wide range of human neoplasms. Unfortunately, its application is associated with an acute as well as cumulative dose-related cardiomyopathy (6, 18). Several mechanisms have been suggested to explain the cardiotoxicity of doxorubicin: formation of free radicals (14, lS), changes in cardiac muscle gene expression (lo), sensitization of Ca2+ release from sarcoplasmic reticulum channel (19), and alteration of mitochondrial membrane function (3). The free radical-based mechanism of doxorubicin is supported by many studies (13, 14, 18), including our earlier study which revealed that cardiomyocytes with a diminished level of superoxide dismutase are more susceptible to doxorubicin exposure (23). The major criticism of the oxidative mechanism of doxorubicin action is that the majority of evidence favoring this hypothesis of doxorubicin cardiotoxicity has been obtained by studying subcellular fractions, often in combination with extremely high concentrations of doxorubitin not encountered in clinical practice (16, 18). The present study demonstrates that I) an increase in intracellular oxidation after brief exposure to doxorubitin can be directly visualized in isolated cardiac cells, 2) elevated oxidation levels are observed in close proximity to the mitochondria, and 3) accumulated concentrations of doxorubicin in mitochondria of live cardiomyocytes can be two orders of magnitude higher than the actual concentration of the drug in the media.
MATERIALSANDMETHODS
Preparation of cardiomyocytes. Two-month-old SpragueDawley rats (200-300 g) were injected with heparin sodium (500 U/kg ip). After 20-25 min the rats were anesthetized with pentobarbital sodium (45 mg/kg ip). The excised hearts were perfused for 10 min with Joklik's modified minimum essential medium (MEM) supplemented with 1.25 mM CaC12, perfused for 5 min with a nominally Ca2+-free MEM supplemented with 20 mM creatine and 60 mM taurine, and perfused for 6-10 min with the same medium containing 0.5-l mg/ml of type II collagenase and 0.1% bovine serum albumin (BSA). The ventricles were then minced and vigorously shaken in the same medium containing 2% BSA. After two washes in collagenase-free medium, the CaC12 concentration in the medium was gradually increased to 1. Emission spectra of dichlorofluorescein and doxorubicin allowed separation of the fluorescence from cells stained simultaneously with both ionophores (Fig. 1) . Loading with DFDA caused a slight increase in the intensity of the cell image on channel Z without affecting channel ZZ. Exposure of DFDA-loaded cells to 100 uM hydrogen peroxide resulted in intense intracellular oxidation; this dramatically increased the fluorescence signal on channel Z without affecting an image on channeZ ZZ. Although a small portion of the doxorubicin emission spectra overlapped with channel I, cells treated with doxorubicin alone exhibited on channel Z less than 2% of the intensity detected on channel ZZ. Thus the selected settings for channek Z and ZZ provided adequate separation of dichlorofluorescein and doxorubicin fluorescence, allowing assessment of intracellular oxidation in cells exposed to doxorubicin.
Another aspect that needs to be considered is possible quenching of dichlorofluorescein fluorescence by doxorubicin, because there is a partial spectral overlap between two probes (27). However, this effect would underestimate, rather than overestimate, the true dichlorofluorescein production at high doxorubicin concentrations, whereas sensitivity of this approach to detect free radical formation at low drug concentrations would not be altered. and intracellular distribution of the drug during that period of time. Figure 2 illustrates sequential images of the same cell acquired at 5-min intervals after application of 160 uM doxorubicin. Figure 2 shows rapid accumulation of the drug in the nucleus (myocytes are mostly binuclear cells) and subcellular organelles resembling mitochondrial pattern distribution. Dual staining with rhodamineand doxorubicin. To verify mitochondrial localization of the doxorubicin, myocytes were stained simultaneously with doxorubitin and rhodamine-123.
Rhodamineis a classic cationic mitochondrial marker that rapidly penetrates cell membranes (25). Rhodamineexhibits maximum emission peak at 526 nm when excited at 488 nm; therefore, rhodamineand doxorubicin fluorescence could be separated by detection on channels I and II, respectively (see MATERIALS AND METHODS). Figure 3 illustrates a myocyte stained simultaneously with both compounds: A shows rhodaminedistribution (channel I), and B shows doxorubicin staining (channeZ II). Line intensity profiles reveal a strong correlation between the spatial distributions of the compounds (Fig.  3C) , with a correlation coefficient of 0.94 t 0.03 (the nuclear region was excluded from calculations). Therefore, data confirm mitochondrial localization of doxorubicin and provide information about the sites of increased oxidation caused by acute drug exposure (see below).
Increase in intracellular oxidation associated with doxorubicin exposure. For each cell preparation, control images (e.g., from control cells, cells preloaded with DFDA, and cells exposed to doxorubicin alone) were collected, averaged, and quantified. The level of fluorescence was undetectable for the control cells and very low for DFDA-loaded or doxorubicin-treated cells. Under exactly the same conditions and settings, a significant increase in dichlorofluorescein fluorescence intensity was observed on channel I, when DFDA-loaded cells had been exposed to doxorubicin for 20 min (Fig.  4) . A and B present typical images of DFDA-loaded doxorubicin-exposed cells acquired on two channels simultaneously.
Increase in dichlorofluorescein fluorescence was observed on channel I after 20 min of doxorubicin exposure. The increase in dichlorofluorescein fluorescence was highly reproducible and was observed in six different cell preparations, although the magnitude of the effect differed in cells isolated from different hearts, probably reflecting different antioxidant capacities of the individual hearts. Figure 4C shows the magnitude of the effect for different doxorubitin concentrations (myocytes from a single cell preparation were employed). The data reveal a concentrationdependent increase in the level of intracellular oxidation associated with acute doxorubicin exposure. The most intense staining is found in cytosol surrounding mitochondria (the penetration of the dye inside the mitochondria and its subsequent oxidation are also conceivable). Because of cytosolic distribution of the probe, the areas corresponding to the nucleus remain dark (Fig. 4A) . No prominent staining was observed close to the nucleus or plasma membrane.
Long-term incubation of cardiomyocytes with low concentration of doxorubicin. Numerous studies, including our own (23), have shown that 50-200 uM doxorubitin causes formation of oxygen free radicals in heart cytosolic and mitochondrial preparations (3, 7, S), yet clinically observed plasma concentrations are about two orders of magnitude lower (18). These facts challenge the occurrence of doxorubicin-associated oxidative stress in vivo; thus it was essential to estimate accumulated levels of the drug after exposure of cardiomyocytes to clinically relevant concentrations of the drug. Incubation of the myocytes with 1 uM doxorubitin for 20 h leads to a significant accumulation of the drug (or its derivatives) inside the cells (Fig. 5) . To quantify this effect, the fluorescence was calibrated with the set of buffers having specified doxorubicin concentrations (the fluorescence signal was detected from the same focal plane where the cells were found). Mean fluorescence intensity was calculated and used as an estimate of intracellular doxorubicin concentrations (Fig. 5C ). As expected, the highest concentrations were observed in the nucleus. Evaluation of the nuclear levels of doxorubicin was not feasible, because fluorescence is quenched after drug intercalation into the DNA helix (1). Extranuclear levels of doxorubicin reached 25-50 uM concentrations (which corresponds to the purple-blue color in Fig. 5 ), that were about two orders of magnitude higher than the extracellular concentration (because of differences in viscosity and intracellular environment, these values if anything will underestimate, rather than overestimate, the true intracellular concentration of the doxorubicin or its derivatives).
DISCUSSION
In a previous study, doxorubicin, an anthracycline antitumor agent, was found to increase the cytosolic formation of superoxide anions and reduce the viability of cardiomyocytes with depleted levels of cytosolic superoxide dismutase (23). To monitor cellular localization of oxidative stress associated with doxorubicin exposure, the present study employs confocal microscopy with the oxidant-sensitive fluorescent probe DFDA. DFDA is a stable lipid-soluble compound that is readily taken up by the myocytes, deacetylated by cytosolic enzymes into a nonfluorescent product, and trapped within the cytoplasm. Dichlorofluorescin is then oxidized to the highly fluorescent probe dichlorofluorescein. This transformation from the nonfluorescent to the fluorescent form is irreversible and reports cumulative oxidation (28).
The increase in dichlorofluorescein fluorescence observed in this study is consistent with the suggested oxidative mechanism of doxorubicin cardiotoxicity. It has been shown that, in the presence of NADH, doxorubicin can increase superoxide production in the cytosolic fraction of rat heart by >lO-fold (7). However, this effect was inhibited by allopurinol and, therefore, could reflect the effect of xanthine oxidase released from endothelial cells, because this enzyme is negligible in cardiomyocytes (12). Another enzyme that could contribute to the observed increase in oxidation levels is sarcosomal NADPH:cytochrome P-450, because its activity has been shown to increase doxorubicin-mediated superoxide formation (7,8).
The detected oxidation of dichlorofluorescein after acute doxorubicin exposure occurred close to the mitochondria (Fig. 4, A and B) . The formation of reactive oxygen species by doxorubicin at the level of the mitochondria has been a subject of several studies (3,4, 7,8). It was attributed to cyclic reactions with doxorubitin semiquinone radicals (14, 18) and has been proposed to occur between complexes I and III of the mitochondrial respiratory chain (3). Another possibility is based on the strong correlation between oxidative stress and mitochondrial Ca2+. Several studies suggest that doxorubicin-induced alterations in mitochondrial Ca2+ homeostasis increase the permeability of the inner mitochondrial membrane and lead to release of superoxide radical anions to the cytosolic face of the mitochondria (3, 5). However, this study suggests that an increase in oxidation due to doxorubicin exposure may precede changes in mitochondrial Ca2+, because significantly elevated levels of oxidation were detected 20 min after exposure to the drug (Fig. 4C) . A similar time course (15 min) for an increase in reactive oxygen species was noted when Chacon and Acosta (3) exposed isolated rat mitochondria to 50 uM doxorubicin. In a separate study these authors showed, however, that a 3-h exposure of intact neonatal cardiac myocytes to 50 uM doxorubicin was required for detection of changes in mitochondrial Ca2+ (4) The oxidative stress observed in the present study was prominent after 20 min of the doxorubicin exposure. Therefore, an increase in intracellular oxidation apparently precedes changes in rod-shaped cell morphology and permeability of the cell to trypan blue, because, as shown in our earlier study (24), the latter changes become evident only when myocyte exposure to specified concentrations of the drug exceeds 40 min. Although very high accumulation of the doxorubicin in the nucleus was observed (Fig. 2) , it is unlikely that its diffusion from the nucleus affects cytosolic oxidation, because the semiquinone radical is relatively unstable, with an estimated diffusion radius of only 0.1 urn under aerobic conditions (26). The present data also do not support the idea that superoxide and hydrogen peroxide diffusing from the nucleus affect cytosolic oxidation, because no distinct increase in fluorescence was detected close to the nucleus (Fig. 4A) .
The main argument against the free radical hypothesis of doxorubicin toxicity is that numerous studies on isolated cardiac preparations or subcellular organelles used doxorubicin concentrations significantly higher than those encountered in clinical practice (6, 7). However, even a 20-h incubation with doxorubicin (brief in comparison with the duration of clinical trials) leads to very high mitochondrial concentrations of the drug (Fig. 5) , apparently because of the avid affinity of doxorubicin for cardiolipin (9). The accumulated drug concentrations were approximately two orders of magnitude higher than the original concentration of doxorubicin in the bathing medium, suggesting that formation of oxygen radical species observed in in vitro preparations (3, 7, 23) might also occur in vivo. Thus it is reasonable to suggest that the formation of oxygen free radicals is one component of chronic doxorubicin cardiotoxicity occurring concurrently with other factors, i.e., drug-induced inhibition of topoisomerase II (15) and alterations of myosin isoform expression (10). However, the disturbances in protein synthesis are unlikely to explain the systolic and diastolic dysfunction that often occurs minutes after injection of anthracyclines (6). Such acute events could be caused, at least in part, by the rapid oxidative stress associated with doxorubicin treatment that was observed in this study.
In conclusion, this study presents direct evidence of an increase in intracellular oxidation associated with doxorubicin exposure of live cardiac myocytes. The images obtained using confocal laser-scanning microscopy reveal that significant levels of oxidation-sensitive fluorescence can be observed soon after drug penetration into the cell.
